Chlorella cultures were grown in a tubular loop reactor which facilitated both irradiation of the culture and gas mixing compared with a conventional stirred vessel with vortex aeration. Measurements of the inhibition of maximum specific growth rate (proportional to photosynthetic rate) in the tubular reactor showed that C02 behaves as a typical inhibitory substrate at partial pressures (Pco,) up to 0.6 atm. The Pco, for 50% reduction in maximum specific growth rate was 0.36 atm. At 0 4 atm there was a discontinuity in the inhibitory effect with a sharp increase in the inhibitory effect at higher Pco, values. Cultures rapidly adjusted to step changes in the Pco, up to 0.6 atm. At a Pco2 of 1 atm inhibition was complete but the inhibitory effect was readily reversed.
INTRODUCTION
Photosynthetic production of microbial biomass using solar energy is a potential biotechnological route to renewable resources of carbon compounds (Pirt, 1980) . Full control over the photosynthetic process requires knowledge of all the relevant environmental factors. Of these factors the effect of C 0 2 partial pressure (Pco,) is one of the most important. Previous studies on the effect of Pco,, on the kinetics of photosynthesis in growing organisms have been meagre and inconsistent in their findings. Nielsen (1955) found that the rate of algal photosynthesis decreased at a partial pressure above 0-05 atm. Myers (1953) and Amman & Lynch (1967) also reported inhibition of algal photosynthesis at Pco, values above about 0.05 atm. Most previous studies were made using 'resting cells' derived from cultures grown under different conditions, which, as Hogetsu & Miyachi (1977) reported, influence the photosynthetic CO, fixation rate. In contrast, Fowler et ul. (1972) successfully used a Pcot of 1 atm to culture Chlorella sp. and in a recent study, Watts Pirt & Pirt (1980), using continuous culture, found that, apart from transient effects, the photosynthetic rate of cldorella was not inhibited by C 0 2 until the Pco, exceeded 0.65 atm.
The aim of the present study was to extend the work of Watts Pirt & Pirt (1980) by systematic study of the transient effects caused by step changes in the Pco,. Whereas they used a conventional stirred culture vessel with vortex aeration we have used the tubular loop reactor (Lee & Pirt, 1981) with gas injection. The tubular loop reactor was advantageous in that it improved the gas-to-liquid mass transfer rate. In a culture of algae growing photosynthetically under substrate-and light-sufficient conditions the maximum specific growth rate is proportional to the maximum photosynthesis rate. By means of the tubular loop reactor, the maximum specific growth rate of chlorella was observed to decrease with increase in Pcol above 0-07 atm and there was a sharp increase in the inhibitory effect at Pco, values above 0.6 atm. (Pirt, 1975) where p is the specific growth rate; c(m is the maximum specific growth rate; s is the substrate concentration; K, is the saturation constant; Ki is the inhibitor constant, that is the substrate concentration which causes 50% inhibition of growth (p = 0-5 k ) provided K, 4 Ki.
(2)
Then a plot of I/! against s should be a straight line with intercept, I / h and slope, 1/cc, Ki, from which the values of cr, and Ki can be estimated, In a tubular loop reactor in which a fraction (a) of the culture is illuminated and light sufficient and the remainder (I -a ) is in the dark, Lee & Pirt (1981) showed that the overall or observed maximurn specific growth rate c(mco) is related to the actual maximum value (A) by the expression
where fl is the fraction of the culture which continues to grow in the dark using light energy stored during the illuminated phase. Since Lee & Pirt (1981) found that light-sufficient cells of Chloreh211/8k could continue growing at the maximum rate for 9 s in the dark it follows that the value of #l = 9/tc, where rc (s) is the cycle time of the culture in the loop reactor.
For a gaseous substrate such as CO2, s = HPm,, K, = HK' and Ki = HKi' where H is Henry's constant, Pm, is the partial pressure of GO2, and K,' and K; are given in atm. Making these substitutions, from equations (1) and (3) we obtain The inoculum for the loop reactor was obtained either from a shakeflask culture or by dilution of the previous culture in the loop reactor. For shakeflask culture 10 ml medium were placed in a 250 ml conical flask with a rubber stopper, inoculated, gassed with 5% C02 in air and incubated at 37 "C on an illuminated rotary shaker. Gas sup&. Chosen mixtures of COz/air were supplied to the reactor at a flow rate of 100 ml min-I through a hypodermic needle installed downstream from the pump. The required mixtures in terms of COz/air were obtained by mixing pure C02 and air. Flow controllers (G. A. Platon) and flowmeters (Rotameter Co.) were used to regulate the supply of each gas into the reactor. The gas supply was humidified by passage through a sintercd filter in a bottle of water at 37 "C, Biomav determination. The culture optical density was measured in a Unicam S P W spectrophotometer at a wavelength of 680 nm with a 1 cm light path. Under the conditions used the optical density was proportional to the biomass dry weight concentration.
RESULTS
Cultures were operated batchwise with light-sufficient conditions in the illuminated fraction of the loop reactor. The fact that the cultures were light-sufficient and not light-limited follows from any one of three observations. First, constant exponential growth of the culture occurred whereas if the culture were light-limited the biomass would increase at a linear rate as shown by Lee & Pirt (1981) . Secondly, the energy balance shows that the light input exceeded the light requirement. As shown by Pirt et 01. (1980) the light requirement is given by
where 4 = fraction of the incident light available for photosynthesis; I . = light intensity at the culture surface (W m-2); ji = specific growth rate (s-l); x = biomass concentration (s dry wt 1-I); V,, = culture volume per m 2 (m); Yc = growth yield (g biomass dry wt P). Relation ; in fact the maximum biomass concentration was maintained well below that value. Thirdly, on dilution of the culture the specific growth rate was maintained unchanged, whereas if the culture were light-limited an increase in specific growth rate would be expected. Fig. 1 shows the maximum overall specific growth rate (p,,,(oJ at different Pco2 values. Each specific growth rate was maintained for seven or more generations. The specific growth rates were found to be reproducible within 5% of the mean. The plot of l/p,,,,,, against Pco,, to test equation (3, is shown in Fig. 2 . The relation is linear from 0.1 to 0.6 atm but there was a marked increase in the slope of the graph at Pco, value >0.6 atm. These results indicate that C02 behaves as a simple inhibitory substrate at Pco, values up to 0-6 atm with Ki' = 0.36 atm, which is equivalent to a dissolved C 0 2 concentration of 10 m~ at 37 "C. The intercept on the ordinate in Fig. 2 gives 0.133 h-l for the value of p,,,col, hence the uninhibited real maximum growth rate prn = Ccmca,/(a + fl) = 0-23 h -l .
The effects of step changes in the Pcoi on the maximum specific growth rate were investigated as detailed in Table 2 . When the Pco, was increased from 0-05 to06 atm the maximum specific growth rate fell by 43%. The adjustment took place without significant lag and the specific growth rate remained constant thereafter for at least seven generations; thus there was no sign of adaptation and development of resistance to the C 0 2 inhibition. Complete inhibition of growth occurred when the Pco, was increased stepwise from 0.05 to 1 atm. When the Pco2 was stepped down from 0.6 atm or more to 0.1 stm either partial or complete reversal of the inhibition could occur. As Table 2 shows, in one experiment on changing the Pco2 from 0-6 atm to 0.1 atm the increased, from 0.057 to 0-046; in another experiment, on changing from 1 atm to 0-1 atm the reversal of inhibition was complete. The partial reversal of inhibition in the one case and the complete reversal in the other suggests that the C02 inhibition of photosynthesis is reversible, but there may be a variable lag before the reversal is complete.
DISCUSS 1 0 N
The application of the tubular loop reactor to study the kineticsof CO: inhibition of photosynthesis in growing chlorella cells has revealed aspects which were masked in the study made previously using a conventional stirred vessel with vortex aeration (Watts Pirt & Pirt, 1980) . Whereas Watts Pirt & Pirt (1980) identified a strong CO: inhibition at CO? partial pressures >0.6 atm the present study shows that at Pco? (0.6 atm, C 0 2 behaves as a typical inhibitory substrate. At Pco, values > 0 4 atm a large increase in the sensitivity to C02 inhibition was observed. The main cause of the masking of the C 0 2 inhibition at the lower partial pressures of C 0 2 in the previous studies using a stirred culture vessel could have been lack of equilibrium between the gas phase and the liquid phase. Lack of CO? equilibrium between the gas and the liquid phases was much less likely in the loop reactor where the gas-liquid contacting was intense. In contrast in the stirred vessel the gas-liquid contacting was relatively slight.
Watts Pirt & Pirt (1980) found that in a urea-limited chemostat culture, transient reversible inhibition by step changes in Pcoz < 0.6 atm Occurred, although the effect was not quantified. This effect could not be produced in the Imp reactor but the conditions in the two systems differed in that the loop reactor cultures were substrate-sufficient batch cultures. The effect of Pco, on the bicarbonate concentration in the culture needs to be considered in relation to the effects observed. There was no pH change with variation of the Pcol, due to the automatic pH control; under such a condition at equilibrium the bicarbonate concentration must increase with the Pco,. Given the Cot solubility (24 mM with Pco, = 1 atm at 37 "C) and the pH value (6.7) the concentration of bicarbonate can be calculated (Pirt, 1975, p. 76) and it is found that with Pco, at 1 atm the bicarbonate concentration would be 60-3 r n~. At other Pco, values the bicarbonate concentration would be 60.3 Pro, (mM), where Pco, is given in atm. The molar concentration of COz + H2C0, would be 0.4 x bicarbonate molarity. It is possible that the inhibition with increase in Pco, is partly due to the osmotic effect of increase in NaHCO, concentration; however, in our view, the change in osmolality is unlikely to account for the inhibition. The extent to which the HCOJ-ion, or free C 0 2 or H2C03 are specifically responsible for the inhibitory effects cannot be decided by these experiments.
By means of the loop reactor the K, for COz inhibition of phytosynthesis in a growing culture of chlorella has been determined for the first time. It would be of interest to correlate the inhibition with the enzyme activities, in particular with that of ribulosebisphosphate carboxylase, in the growing cells. Finally the quantification of the C 0 2 inhibition in the tubular reactor is of particular importance to the development and scale-up of photobioreactor technology for biomass production based on solar energy. Dr Humbcrto J. Silva was supported by a grant from the Conscjo Nacional dt Investigaciones Cicntificas y Tccnicas, Republic of Argentina.
